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Abstract 8 
In  the  literature,  the  effects  of  curing,  sheltering  and  CO2  concentration  under  natural 9 
carbonation are not fully understood. There is either controversy or limited research available 10 
regarding these factors, while most investigations are based on accelerated carbonation. The 11 
currently available research on natural carbonation is particularly constrained and limited. From 12 
a practical viewpoint, natural carbonation is more important as it represents the behavior of real 13 
structures. 14 
This paper reviews the influences of different curing methods and their durations; sheltered 15 
and unsheltered exposure conditions, and different atmospheric CO2 concentration levels, on 16 
carbonation of concrete under the natural outdoor exposure environment. The various curing 17 
methods examined are moist-curing, steam-, air- and oven-curing. It is found that curing effects 18 
are coupled with the type of cement. For cements containing no more than 30% fly  ash  or  50%  19 
slag,  three-day  curing  is  sufficient  to  stabilize  long-term  strength  and carbonation behavior 20 
of concrete under site conditions. Different types of normal curing do not significantly alter 21 
natural carbonation behavior. An equation is suggested which accounts for the effect of 22 
unsheltered outdoor exposure on carbonation. Also, correction factors are proposed to account for 23 
different atmospheric CO2 levels under natural carbonation.  24 
 25 
Keywords: Natural carbonation; curing; shelter; carbon-dioxide concentration; carbonation 26 
prediction; outdoor exposure  27 
 28 
1. Introduction 29 
Carbonation  of  concrete  occurs  due  to  ingress  of  atmospheric  CO2  into  concrete.   The 30 
primary source of CO2 is green-house emissions from fossil fuels along with 5% contribution 31 
from cement production [1-3]. These emissions have been rising for the past nearly two hundred 32 
years and have recently surpassed 400 ppm in 2015 (www.climatecentral.org/). Parrott [4] gave 33 
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one of the earliest comprehensive reviews on carbonation, while other studies aimed at state-of-34 
the art and industry implications [5,6]. More recent reviews have focused on specific aspects of 35 
carbonation including modelling [7], mitigation and sustainability issues [8,9,10], sequestration 36 
[11], amongst others. Early studies [4-6] have long established the attack mechanism of 37 
carbonation, which results when CO2 diffuses into concrete, lowering the pH of concrete to about 38 
9 to 10 pH, also confirmed by recent studies [12,13]. At such low pH value, the existing passive 39 
protection layer at the steel surface breaks down, and corrosion ensues. Both the calcium 40 
hydroxide (CH) and calcium silicate hydrate (CSH) react with CO2 forming calcite, which due to 41 
its low solubility, precipitates within the pores, altering the concrete properties [14,15]. 42 
Consequently, carbonation leads to reduced porosity and pore size distribution [13,16-20], lower 43 
permeability and diffusion [19,21-22], higher mechanical properties of tensile and compressive 44 
strength, higher electrical resistivity, lower chloride penetration [23-27]. However, carbonation 45 
increases the steel corrosion rate. Due to its benefits, carbonation curing has been used on precast 46 
concrete products [25]. There is synergy between chloride attack and carbonation, the latter being 47 
effective in promoting chloride attack by lowering the amount of chloride threshold necessary to 48 
initiate corrosion [27-29]. But carbonation progression is also influenced by other physical 49 
mechanisms that would induce microstructural cracks, such as fatigue [30,31]. In fresh concrete, 50 
carbonation may cause shrinkage, crazing and dusting [32]. Carbonation  induces  steel  corrosion  51 
in  reinforced  concrete  structures  [5,33,34]. Interestingly, coastal or harbour structures 52 
experience low carbonation, which progressively increases as the distance from the coast extends 53 
towards inland [35,36]. Diminished carbonation progression in coastal structures is explained by 54 
high relative humidity (RH) typically 70 to 80%RH and lower CO2 concentrations resulting from 55 
absorption of the atmospheric CO2 gas by sea or ocean water. 56 
 57 
1.1 Objectives 58 
This paper is limited to investigations on natural carbonation in relation to empirical modelling. 59 
Other approaches used in modelling such as simulation, statistical techniques, or computational 60 
methods are not considered in this study. Empirical modelling is of major interest as it provides 61 
the basis commonly used to formulate most typical code-type models.  Natural carbonation, as 62 
opposed to accelerated carbonation in laboratory tests, is the locus of this study. Empirical 63 
modelling requires identification of the dominant influential factors and expressing these as 64 
parameters through mathematical relationships. Already, empirical equations for effects of 65 
relative humidity, strength or permeability have been widely studied [4]. To the best knowledge 66 
of the author, the influences of CO2 concentration, sheltering, curing methods on natural 67 
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carbonation have not been fully researched and examined. Very few or no attempts have been 68 
made to express the effects of these parameters in form of equations for use in empirical models. 69 
This work seeks to develop empirical equations expressing the effects of these factors on natural 70 
carbonation. It is hoped that these resulting equations may be of contribution towards development 71 
of future empirical models.  72 
In a practical exposure environment, the three parameters of curing, CO2 levels and sheltering 73 
are not necessarily independent of each other. In a given structure, non-sheltered elements may 74 
exhibit more hydration and higher long-term strength gain than their sheltered counterparts, due 75 
to exposure of the former to wet conditions and precipitation. Also, it can be anticipated that CO2 76 
levels may be higher in some localized areas such as confined spaces and corners underneath a 77 
traffic bridge overpass, compared to the surrounding environment, owing to the dispersive effect 78 
of wind circulation in the latter. This localised effect also explains the higher CO2 concentrations 79 
in tunnels compared to levels in open air [4]. But for modelling purposes, it may be sufficient and 80 
practical to isolate each factor and treat them independently. This consideration forms the basis 81 
of discussions given in this paper concerning the parameters.  82 
 83 
1.2 Significance and future research 84 
The cost of corrosion, which is occurring worldwide in various industrial sectors is quite 85 
staggering, typically accounting for 3 to 5% of the national gross domestic product (GDP). 86 
According to literature, corrosion costs are estimated at 5.2% of GDP in South Africa [37], 1.02% 87 
in Japan [38], 3.1 to 4.2% in USA [39,40]. A study on global cost of corrosion [41,42] found 88 
corrosion costs to be 1.7% of GDP for Kuwait (2011), 1.5% for Australia (1982), 3.5% for United 89 
Kingdom (1970). The estimated global corrosion costs amount to a staggering $2.5 trillion (2013) 90 
at about 3.4% of the global GDP [42]. These costs include corrosion incurred in the infrastructure 91 
and transport sectors which are the domain of reinforced concrete construction. According to [38], 92 
these two sectors contribute about 38% of the total corrosion costs. It thus appears that global 93 
corrosion-related costs in reinforced concrete structures may be in the range of $1 trillion. 94 
Carbonation of steel and chloride attack are the two causes of corrosion in reinforced concrete, 95 
the dominant cause being dependent on the geographical location which relates to the global 96 
weather patterns. Chloride attack is dominant in the temperate climate regions of the Northern 97 
hemisphere while structures in tropical regions such as Africa, Australasia, South America are 98 
predominantly subject to carbonation-induced corrosion. However, chloride attack also occurs at 99 
sea-coastal regions of tropical continents while in the temperate regions, carbonation similarly co-100 
exists with chloride attack. It is desirable to continue developing better scientific understanding 101 
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of the carbonation-induced corrosion in concrete as a means of exploring new remedial measures 102 
and design methods for future improvements. 103 
 The main factors that influence carbonation in concrete have been extensively studied over 104 
the past five decades but there is little success in using these findings for service life design. 105 
Concerted future studies would extend the current understanding of carbonation to development 106 
of plausible code-type models. So far, only few attempts, such as the fib 34 [43], have yielded 107 
promising results. Many more such concerted attempts are needed, most especially in empirical 108 
modelling. Also, as new cement types such as geopolymers emerge in response to the CO2 109 
emissions and climate change impacts associated with the Portland cement production and use, 110 
adaptability of concretes to carbonation has become paramount and re-basing carbonation studies 111 
will be needed for emerging cement types, which in turn complicates the modelling of concrete 112 
performance in structures.       113 
 114 
2.  Factors affecting natural carbonation and its modelling  115 
Carbonation modelling lags behind other engineering phenomena such as creep and shrinkage 116 
mechanisms, where practical prediction models have already been standardized through 117 
internationally recognised codes [44-48]. For carbonation attack, prediction models so far 118 
developed in the literature have remained mostly at experimental study stage, except fib 34 [43], 119 
which has gained wide interest towards practical application in real structures.         120 
While a great deal of work has been done on carbonation prediction and modelling, the subject 121 
remains quite a complex subject of research. A plethora of experimental models have been 122 
proposed in the literature [4,6,7,49-51] but a majority  of them are  not implementable  for  123 
practical carbonation prediction  in  the  natural  environment. Difficulties in their application 124 
arise from the wide range of factors affecting the attack process and their complex interactions 125 
both fundamentally and with the environment. This paper discusses some of the controversial or 126 
least understood factors in relation to their use in modelling.  127 
The  principal  factors  which  influence  the  carbonation  process  are  relative  humidity,  128 
cement type, curing, CO2  concentration, temperature, quality and types of concrete, shelter and 129 
rain. These can be divided into two categories of: material characteristics (concrete quality, curing, 130 
cement type, and environmental factors (relative humidity, CO2, concentration, temperature, 131 
shelter and rain). Permeability and strength are the most common performance properties used to 132 
represent concrete quality. Their relationships with carbonation are well established and have been 133 
used in permeability /diffusion-based models [52-56], and strength-based models [50,57-59]. It is 134 
5 
 
also known that use of pozzolans or supplementary cementitious materials (SCMs) in 135 
conventional proportions increases carbonation [17,60-62]. Many researches presume the 136 
importance of curing on the premise of its effect on concrete quality. But only few models such 137 
as fib 34 [43] consider curing as a key input factor. Most studies on curing, consider only the 138 
duration of moist-curing and not much of other methods of curing. Questions also linger regarding 139 
the impact of curing on long-term carbonation behavior and ways of accounting for the impact. 140 
The most important influence of relative humidity on carbonation is within the range of 50 to 141 
70%RH. In the natural environment, the average length of this humidity range is concealed 142 
between extremes of high and low RH [4,7,63-65], making it difficult to estimate its duration. The 143 
effect of temperature is generally mute, since small changes in ambient temperature do not affect 144 
carbonation [11]. Concretes under sheltered and unsheltered  exposure  conditions,  show  145 
different  carbonation  behaviors,  with  the  former giving  greater  carbonation  progression  [66].  146 
But little has been done to mathematically express or quantify the relationship between the two. 147 
Such mathematical relations are important in modelling. Similar issues concern the CO2 148 
concentration, which severely lacks data on natural carbonation. Given the controversies and 149 
lack of adequate understanding on some key factors of importance to carbonation modelling, this 150 
paper undertakes their detailed consideration, specifically focusing on curing, sheltering and CO2 151 
concentration, in the subsequent sections.  152 
 153 
3. Accelerated and natural carbonation 154 
 155 
As mentioned earlier, the typical range of CO2 levels in the atmosphere has been rising  over the 156 
past two centuries, exceeding 400 ppm or 0.04% since 2015 (www.climatecentral.org) and 157 
continues to rise,. Natural carbonation of concrete would be the most realistic means of examining 158 
the performance of concretes under CO2 exposure, but the natural process is too slow and takes a 159 
very long time to exhibit a significant effect. So, accelerated carbonation studies are commonly 160 
used in the laboratory to conduct rapid evaluation of concretes. Over the past decades, the 161 
accelerated method of carbonation has been standardized by using high CO2 concentrations, such 162 
as 4% CO2 maintained at 20oC and 55%RH [67], while fib 34 [43] recommends using 2% CO2 in 163 
carbonation tests. The standard CEN/TS 12390-10 [68] also recommends a “natural test” 164 
laboratory method intended to simulate the natural exposure environment by employing the 165 
typical natural CO2 concentration of 0.035%CO2, at 20oC and 65%RH [69,70]. However, the 166 
method has been criticized for poor repeatability of results [69]. RILEM [71] provides guidelines 167 
for carbonation testing on real structures, in addition to laboratory tests. 168 
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Various experiments reported in the literature have used widely varying CO2 levels for 169 
accelerated tests, mostly between 4 and 10% CO2 [72,73]. These include 1% CO2 [74], 4% CO2 170 
[19,74-77], 5% CO2 [78-80]. Loo et al 1994 [81] used 7%, 12% and 18% CO2 concentrations in 171 
their accelerated carbonation experiments, while others have applied 20%CO2 concentration 172 
[29,82-83], 50% CO2 concentration [87].  In Table 1 of reference [20], an extensive list is given 173 
highlighting the widely varying test conditions which have been used in different researches, to 174 
conduct accelerated carbonation tests.     175 
In almost all cases where accelerated and natural carbonation measurements have been 176 
compared, correlation between the two measurements are established [72,79,84-87]. But there is 177 
no definitive or generally recognised mathematical relationship between the accelerated and 178 
natural carbonation, which can be used for general applicability. This difficulty is related to the 179 
numerous factors involving the widely varying environmental exposure conditions, response of 180 
various cementitious systems to the natural environment, and stress levels in structural elements. 181 
These factors cannot be not easily controlled under natural exposure conditions. Consequently, 182 
high variability can be expected in correlating accelerated and natural carbonation measurements, 183 
for any given cementitious system.       184 
Sanjuan et al [79] conducted both the accelerated and natural tests on concretes made using 185 
CEM I 42.5R of 3.6% C3A and CEM I 52.5N of 11%C3A, Class C and F fly ash types. Concrete 186 
mixtures varied from 0.33 to 0.69 water/cementitious ratios (w/cm’s). They reported that 5% CO2 187 
and 100% CO2 concentrations in the accelerated test led to 5 and 40 times higher carbonation 188 
respectively, relative to the natural test conducted at 0.03% CO2. They found a direct correlation 189 
between accelerated and natural test for carbonation; and suggested that 7 to 15 days of accelerated 190 
carbonation are equivalent to one year of natural carbonation. Dhir et al [19] also advanced that 191 
one week of accelerated carbonation test relates to about 15 months of natural exposure, basing 192 
their analysis on results of Ho and Lewis [88] and their own work.  193 
In one of the few studies involving real structures, Neves et al [72] extracted cores from 21 194 
viaducts. The cores were drilled from various structural elements consisting of abutments, 195 
columns, bridge decks. The structures were 4 to 32 years old. Carbonation depths in the cores 196 
were determined by phenolphthalein indicator test while the non-carbonated inner part of the cores 197 
was subjected to accelerated carbonation test conducted at 5%CO2, 20oC and 65%RH. In total, 65 198 
and 25 core samples were extracted from sheltered and unsheltered exposure environments. As 199 
seen in Fig. 1, there was poor correlation between natural and accelerated carbonation based on 200 
data from real structures, even for any given environmental exposure class. Neves et al [72] 201 
attributed the wide scatter of data to the influence of different stress levels occurring in the 202 
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structural elements of any given exposure class. But when a natural test such as CEN/TS 12390-203 
10 [68] is employed in these studies, a strong linear correlation is usually obtained, as given in 204 
Fig. 2. Evidently, while laboratory accelerated tests provide a general indication of carbonation 205 
performance of concretes, these tests seem unable to provide a definitive correlation relationship, 206 
sufficiently plausible for use in predicting real carbonation under site conditions. So, it is evident 207 
that prediction of natural carbonation in real structures by using accelerated tests, necessitates 208 
accounting for variability of the parameters through the stochastic applicative approach [89-92]. 209 
Leemann et al [74] found that accelerated carbonation unduly penalises cementitious systems 210 
containing SCMs. Accelerated tests give poorer performance for SCM concretes than their real 211 
performance under natural carbonation. But it is already well established that SCMs give higher 212 
carbonation relative to plain cements containing no pozzolans. This lower carbonation resistance 213 
of SCM concretes is attributed to two factors namely: (1) Reduced CaO content due to dilution 214 
effect when SCMs are used to partially substitute plain cement. SCMs are alumino-silicate 215 
materials with typically small or insignificant amounts of CaO. (2) For systems containing SCMs, 216 
pozzolanic reaction depletes the CH which is formed as a by-product of cement hydration. Both 217 
the CaO content and the associated CH are CO2 buffers in cementitious systems and their lower 218 
proportions in SCM concretes renders the mixture less resistant to carbonation. Leemann et al 219 
[74] has proposed a function given as, f = water added /reactive CaO, to provide correction 220 
accounting for performance of systems containing SCMs. The reaction of CO2 with CH forms a 221 
dense layer of CaCO2 at the surface of CH, thus, hindering further consumption of the hydrate. 222 
These observations explain substantial presence of CH in the carbonated zone while C-S-H is 223 
reported to be completely consumed [12].  224 
  225 
 226 
 227 
 228 
 229 
 230 
 231 
 232 
 233 
 234 
8 
 
 235 
Fig.1. Correlation between accelerated carbonation and natural 236 
carbonation in real structures [72]   237 
 238 
 239 
 240 
Fig.2. Correlation between accelerated carbonation and natural 241 
carbonation test conducted under controlled laboratory 242 
conditions [72]   243 
 244 
4. Analyses and discussions 245 
4.1 Influence of curing and curing methods on natural carbonation 246 
Studies have shown that the different methods of curing variously impact concrete properties 247 
including carbonation. But pertaining to effects of different curing methods on natural carbonation 248 
of concrete in real structures, there is little research available in the literature. Different methods 249 
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of curing have been studied in the laboratory including heat curing [66, 93-96], air curing, moist 250 
curing [66, 97-99], use of curing compounds [66,100]. 251 
In construction, the application of these curing methods is less than ideal and so, the methods 252 
are usually adapted to suit site practice. Heat curing of precast elements is typically done within 253 
a factory or plant using steam as heat source [101], so the process can be carefully controlled.  254 
Under site conditions, air curing may take the form of maintaining formwork and/or covering the 255 
concrete surface with plastic sheet, while only partial moist curing is achievable by covering the 256 
surface using wet absorbent material such as burlap or by water spraying or sprinkling [45].         257 
The fib 34 [43] model accounts for the effect of site curing by providing a correction factor, 258 
which is dependent on the length of curing but it is silent on implications of different curing 259 
methods on natural carbonation. So, detailed consideration is given in this paper, focussing on 260 
understanding of the carbonation-related impacts of different curing methods.  261 
   CSIR [102] provides a report of an extensive and comprehensive natural carbonation study. 262 
The investigation was a 10-year experimental study involving concrete samples that were exposed 263 
to natural carbonation at a building roof in an urban location. Concrete mixtures comprised 264 
strength classes of 25, 35 and 50 MPa, cast using ordinary Portland cement (OPC) and rapid 265 
hardening Portland cement (RHC), with or without 15, 25, 30, 50% fly ash (FA). The equivalent 266 
standard cement classes, for cement types used in the mixtures, are given in the footnote of Table 267 
1. There were 21 mixtures prepared, of slumps 50 to 70 mm. No chemical admixtures were used 268 
in the mixtures. Table 1 gives the wide ranging mix design parameters used. Five different 269 
methods of curing were applied to the 100 mm concrete cube samples, as follows: 270 
 Curing in the fog room for 28 days (regime-a); 271 
 28 days of curing at 50%RH/23oC (regime-c); 272 
 24 hours of curing at 80%RH/50oC plus 27 days of storage at 50%RH/10oC (regime-b); 273 
 24 hours of steam curing at 60oC plus 27 days  of storage at 50%RH/23oC (regime-d); 274 
 24 hours of oven-dry curing at 40oC plus 27 days of storage at 50%RH/23oC (regime-e). 275 
 276 
Following completion of the above curing regimes, samples were placed at a building roof to 277 
undergo natural carbonation. The typical average climatic conditions at the site location are an 278 
average annual temperature of 17.3oC, 60% RH, and 517 mm precipitation occurring during five 279 
summer months of the year. Concrete strengths were tested at ages of 28 days, 3.5, 6 and 10 years, 280 
while carbonation measurements were done at ages of 3.5 and 6 years. Carbonation depths were 281 
determined by spraying the surfaces of freshly split samples using phenolphthalein indicator, as 282 
described in [67-68,71].     283 
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Fig. 3 shows the carbonation depths observed for the different concrete mixtures and strength 284 
classes. In the legend of Fig. 3, the number in each mix reference represents the strength class and 285 
letter of alphabet indicates the curing regime applied on the mix e.g 25-a indicates a 25 MPa 286 
strength mix subjected to curing regime ‘a’.  It can be seen that graphs of mixes of the same 287 
strength class, tend to cluster together, more especially for OPC concretes (Fig. 3a,b). For each 288 
strength class, the carbonation depths at late ages differ by about ± 2 mm, regardless of the curing 289 
regime. Since curing influences the carbonation of a mix, by impacting its early age strength, it is 290 
meaningful to examine the long-term strength effects resulting from the different curing regimes 291 
applied. 292 
Fig. 4 gives the strengths of concretes after exposure of samples to outdoors for a period of up 293 
to 10 years. As expected,  all  moist-cured  concretes  i.e  curing  regime-a,  give  higher  strengths  294 
than  the corresponding mixes cured under regimes-b to e. It is quite noticeable that for moist-295 
cured concretes (regime-a), mixtures containing moderate levels of 25 or 30%FA have higher late 296 
strengths at ages of 3.5 to 6 years, than the corresponding plain concretes. This observation is 297 
attributed to the influence of SCMs which typically give lower early strength and higher later 298 
strength development, relative to the plain mixes. However, the moist-curing condition of regime-299 
a, is not representative of realistic site curing conditions. Regimes-b to e, in which actual curing 300 
occurred for a few hours, followed by storage at partial dry conditions of 50%RH and 10 or 23oC, 301 
are closer to site curing practices. Accordingly, these four regimes (b to e) are examined with 302 
interest regarding their effects on strength and carbonation. It is seen in Fig. 4 that for a given 303 
strength class, the regimes-b to -e, give similar long-term strengths with or without SCMs. For 304 
each class, the long-term concrete strengths fall within ± 10 MPa in the late ages.  These 305 
similarities in strength behavior also directly relate to the corresponding carbonation behaviours 306 
as reported in Fig. 3. Statistical analysis has been conducted to assess whether the concretes 307 
subjected to the different curing regimes exhibited a significant change in carbonation. Plots of 308 
the carbonation residuals between regime-a (reference) and the other regimes-b to e, are given in 309 
Fig. 5. Also plotted on the graphs are the 95% confidence limits. It can be seen that the residuals 310 
fall within the 95% confidence interval, indicating absence of statistically significant differences 311 
between results of the various curing regimes. Fig. 6 confirms the analysis; it shows that a normal 312 
distribution curve is indeed characterized by all the residuals. 313 
In the investigation, none of the curing regimes caused a change of strength class of a given 314 
mixture, nor change in their respective carbonation behaviours under outdoor exposure. It  is  only  315 
when  a  curing  regime  causes  a  change  of  strength  class  of  a  mixture,  that corresponding 316 
carbonation behaviour of the mix can be expected to alter significantly.  317 
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Table 1. Concrete mixtures (constructed from [49]) 319 
 25 MPa Concretes 35MPa Concretes 50 MPa Concretes 
 OPC* RHC* OPC RHC OPC RHC 
 0 0 0 0 0 0 
Fly ash 15 15 15 15 15 15 
(FA)* 30 25 30 25 30 25 
(%) 50  50    
 245 247 314 283 390 365 
Cementitious 256 240 321 286 400 355 
content 260 261 341 285 420 490 
 244  322 314   
Water / 0.78 0.79 0.59 0.69 0.49 0.54 
cementitious 0.73 0.77 0.56 0.64 0.49 0.51 
ratio 0.65 0.69 0.51 0.60 0.51 0.46 
 0.69  0.53 0.59   
*OPC/0FA = CEM I,N; RHC/0FA = CEM I,R; OPC/15FA, RHC/15FA = CEM II/A-V, 320 
  OPC/30FA, RHC/25FA = CEM II/B-V, OPC/50FA = CEM IV/B 321 
 322 
323 
Fig.3. Carbonation of concretes subjected to various curing regimes 324 
 325 
 326 
 327 
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 328 
Fig. 4. Long-term strength gain under outdoor natural environment (OPC - ordinary Portland cement, RHC – 329 
rapid hardening Portland cement, FA – fly ash; a,b,c,d,e – are the different curing regimes defined in Section 330 
4.1) 331 
 332 
 333 
 334 
 335 
 336 
 337 
Age (years) Age (years) 
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 338 
Fig. 5. Residuals of concrete carbonation for different curing regimes (95%UL/LL – limits of the 95% 339 
confidence interval) 340 
 341 
 342 
Fig. 6. Normal distribution shown by carbonation residuals of the different curing regimes 343 
 344 
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An extensive experimental study on natural carbonation under indoor exposure environment of 346 
60%RH and 20oC was conducted by Parrott [103]. All mixes were of 0.59 water/cementitious 347 
ratio and 320 kg/m3 cement content. Various cement types were used as follows: CEM I 52.5R or 348 
32.5R, CEM II containing 15 or 25% limestone (LS), CEM III containing 25, 50, 75% ground 349 
granulated blast furnace slag (GGBS); ternary mix combinations of 5% FA + 5% GGBS + 10% 350 
LS. Cube samples were cured for 1, 3, and 28 days prior to exposure to natural indoor carbonation. 351 
Compressive strengths were also determined at end of the respective curing periods. Carbonation 352 
measurements were done after 6 and 18 months of indoor exposure. Parrott [103] concluded that 353 
cement type influences carbonation more importantly than curing. Balayssac et al [99] conducted 354 
similar studies as Parrott [103] and arrived at the same conclusion that cement type was a major 355 
factor related to the effect of curing. 356 
Parrott’s [103] results on curing have been analysed in Fig. 7a-d showing graphs of carbonation 357 
depths versus curing duration, according to the different cement types. The sample designation 358 
used in graphs indicates letter U, F or D for country of cement origin, being USA, France or UK 359 
respectively; the number 1 to 9 for the mix no. assigned according to cement type as per Table 1 360 
of [103], and 6 or 8 months which gives the duration of natural carbonation exposure applied. So, 361 
sample U4-6mths represents CEM I equivalent from USA, mix 4, subjected to 6 months of natural 362 
carbonation.  363 
Although, 3-day cured samples show slightly higher carbonation, the differences are strength 364 
dependent. When  curing  duration  is  increased  from  1  to  3  days,  the  corresponding  reduction  365 
in carbonation is rapid but further curing beyond 3 days leads to a generally small change in 366 
carbonation relative to 28-day cured samples. In Fig. 7a of CEM I 52.5R mixes, with average 367 
strengths of 27.4 and 45.4 MPa at 3 and 28 days of curing respectively, the differences in 368 
carbonation are small compared to CEM I 32.5R mixes shown in Fig. 7d, whose lower strengths  369 
of  14.5  and  30.5  MPa  at  3  and  28  days,  gave  much  higher  differences  in carbonation. 370 
CEM I 52.5R mixes gave average residual of 0.9 mm compared to 1.9 mm of CEM 32.5R. Fig. 8 371 
is a plot of the residuals of carbonation depth with age. It is noticeable that there is a duration bias, 372 
with residuals increasing as age increases. Results indicate relative increase in carbonation of 3-373 
day cured concretes versus their 28-day cured counterparts. However, the numerical values of 374 
differences in the carbonation depths are insignificant, averaging 1.5 mm across the different 375 
cement types. Between the two curing durations of 3 and 28 days, strengths increased by 66.7, 376 
77.5, 98.1, 109.6% for the respective mixes of CEM I 52.5R, CEM I 52.5/25%LS, CEM I 42.5R/, 377 
CEM I 32.5R/LS; but the corresponding decreases in carbonation depths were only 0.9, 1.1, 1.6, 378 
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1.9 mm. The results indicate that further curing beyond 3 days is not of significant influence on 379 
long-term natural carbonation. Using ideal 28-day moist curing as a reference, results show that 380 
only 3 days of curing is needed for concrete to achieve good carbonation resistance. 381 
Yunusa [104] conducted a similar study as Parrott [103] but with, (a) varied moist-curing 382 
durations  of  3,  7,  28  days;  and  (b)  outdoor  carbonation  conducted  under  sheltered  and 383 
unsheltered exposures.  The cements used in concretes consisted of CEM I 52.5N with or without, 384 
10% silica fume (SF), 30% FA, 50% GGBS. CEM V/A was also included. Mixtures of 0.4, 0.5, 385 
0.6, 0.75 w/cm, were made and used to cast 100 mm cubes which were then moist-cured for the 386 
specified durations prior to their exposure for outdoor carbonation. Compressive strengths were 387 
measured at end of each curing duration and carbonation depths were determined at ages of 0.5, 388 
1, 1.5 and 2 years.  389 
 390 
 391 
 392 
 Fig. 7. Carbonation curves for concretes cured for 3 and 28 days (U, F, U - cement source being USA, 393 
France, UK respectively; 1 to 9  - mix no., 6 or 18 mth – duration in months under carbonation)  394 
 395 
 396 
 397 
 398 
 399 
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 400 
Fig. 8. Residuals of carbonation of concretes cured for 3 and 28 days 401 
 402 
Fig. 9 compares the residuals of carbonation between different curing durations. The 403 
comparisons are conducted based on various cement types. Mixtures under sheltered exposures 404 
have been analysed as they give more elevated carbonations results. The 3- and 7-day curing 405 
durations are of major interest as they represent site curing practices more closely, relative to the 406 
ideal 28-day curing. From the results, it is seen that increasing the curing duration from 3 to 7 407 
days, leads to reduction in carbonation depth of 1.4 to 1.8 mm after 2 years of carbonation; which 408 
is quite a small difference. When curing periods are increased from 3 days to 28 days, carbonation 409 
reduced by up to 4 mm. However, the standard 28-day curing is not attainable under site 410 
conditions and is only used here for theoretical comparisons. It is also interesting to note that, 411 
residuals did not increase with age (Fig. 9) unlike the observations in Parrott’s [103] study, 412 
presented in Fig. 8. From the foregoing observations, it appears that the strength achieved at end 413 
of curing period i.e initial concrete strength at commencement of carbonation exposure, is perhaps 414 
the most critical value influencing long-term carbonation resistance for a given cement type and 415 
mixture. 416 
The observations by Parrott [103] and Yunusa [104] corroborate earlier studies by Bier [17] 417 
whose investigation involved curing durations of 1, 3, 5, 7 or 28 days for cement pastes with or 418 
without 10, 20, 30, 50%FA; 50, 75% GGBS. Accelerated carbonation of the pastes at 2% CO2 419 
and their natural carbonation at 0.03% CO2 were measured after 28 days and 6 months of exposure 420 
respectively, as shown in Figs. 10 and 11. Bier’s [17] results are consistent with findings of the 421 
other investigations [103,104], indicating three (3) days of curing to be sufficient to achieve stable 422 
long-term carbonation behaviour but this is true in cement types containing no more than 30% FA 423 
or 50% GGBS. At higher proportions of the SCMs, strengths may become too low to achieve 424 
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adequate carbonation resistance, and curing alone may not be sufficient to compensate for the 425 
adverse effect of low strength. 426 
 427 
 428 
 429 
 Fig. 9. Residuals of carbonation under sheltered exposure, for concretes cured over 3 and 7 days 430 
 431 
 432 
 433 
 434 
 435 
 436 
 437 
 438 
 439 
 440 
 441 
 442 
 443 
18 
 
 444 
 445 
 446 
Fig.  10. Influence  of  curing  duration  on  various  hydrated cement  447 
pastes  carbonated  for  6  months  at  0.03%  CO2  by volume (PC – 448 
Portland cement, PBFSC – Portland blast-furnace slag cement) 449 
 450 
 451 
 452 
Fig. 11. Influence of curing duration on various hydrated cement 453 
pastes carbonated for 28 days at 2% CO2 by volume (PC – Portland 454 
cement, PBFSC – Portland blast-furnace slag cement) 455 
 456 
 457 
 458 
 459 
 460 
 461 
 462 
 463 
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4.2 Influence of sheltering 465 
Structural elements usually fall into the category of either sheltered or unsheltered exposure. 466 
Studies [66] have established that carbonation progression is more rapid under sheltered exposure 467 
than under unsheltered exposure. Under unsheltered exposure e.g. external walls of buildings, 468 
exposed retaining walls etc., the CO2 ingress into concrete is intermittent as a result of saturation 469 
periods due to rain or wet conditions, that tend to temporarily block the surface pores of concrete. 470 
For sheltered exposure such as in tunnels, bridge abutments, deck soffits etc., the elements are 471 
consistently partially saturated, although there can be instances where  moisture  condensation  at  472 
surface  of  the  element,  may  temporarily interrupt  CO2 ingress into concrete. Theoretically, the 473 
significance of sheltering effect on carbonation is well-established [4,73,105]. CEB-FIB [47] 474 
states carbonation progression, dc = ktn, to be of a lower exponent in the range of 0.2 < n < 0.5 for 475 
elements sheltered from rain, in which case n = 0.5 gives the maximum carbonation rate (k) for 476 
carbonation depth (dc) over time (t). However, other researches have reported the effect of 477 
sheltering to be small and not of statistical significance [75,106], which causes controversy. 478 
The fib 34 model [43] accounts for the effect of rain under unsheltered exposure, by using an 479 
expression referred to as the weathering function W(t), which determines a correction factor by 480 
considering the number of rain events. It also applies probabilities as a means of accounting  for  481 
possible  contact  of  driving  rain  with  the  surface  of  element.  Using the weathering function, 482 
elements sheltered from rain have a factor of W(t) = 1.0, elements unsheltered from rain and 483 
permanently wet, such as those submerged under water, require a correction factor of W(t) = 0.1, 484 
while those elements unsheltered from rain and between the two extremes, require a factor W(t) 485 
= 0.27. These values generally concur with other reports which give W(t) = 1 for sheltered and ≤ 486 
0.3 for unsheltered [73]. RILEM [89] applies coefficients of 1.0 for sheltered and 0.5 for 487 
unsheltered [58]. However, it seems the weathering function approach considers carbonation 488 
behaviour to be independent of material properties, and this may be an erroneous assumption.  489 
In this paper, attempts are made to examine data, in order to assess the relationship between 490 
carbonation behaviours under sheltered /unsheltered exposure conditions for similar 491 
microclimatic conditions. The possible influence of material properties is also considered. All the 492 
data analysed concern outdoor natural carbonation. 493 
Yoon et al. [73] reports of insitu investigation conducted on sheltered and unsheltered elements 494 
of real structures aged 1.5 to 6 years. Altogether 107 structures were investigated producing a 495 
total of 225 data sets. It is indicated that the structures had strengths of 21 to 24 MPa. However, 496 
no individual strength results were reported  making it  impossible  to  consider the  role  of  497 
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strength  in  relation  to  the  observed carbonation depths. Carbonation depth measurements were 498 
determined by phenolphthalein indicator test. Results of the investigations are given in Fig. 12. 499 
The figure shows carbonation depths in sheltered elements to be markedly higher than 500 
measurements observed in unsheltered elements. 501 
As explained earlier, the differences in carbonation results of sheltered and unsheltered 502 
elements are attributed to precipitation and moisture conditions, in the latter. During wet cycles, 503 
water blockage of surface pores in unsheltered elements inhibits CO2 ingress while in dry spells, 504 
the relative humidity may be too low to support the carbonation reaction process. Meanwhile in 505 
sheltered elements, the partial saturation conditions persist, creating conditions which promote 506 
carbonation reactions [74]. Indeed, a study of carbonation depth profile by [107] reported that 507 
sheltered surfaces of samples had higher amounts of carbonates and greater carbonation depths 508 
than the unsheltered surface of the same samples. Again, the differences were attributed to 509 
inhibition of CO2 diffusion due to pore blockage by capillary water and by condensed surface 510 
water in unsheltered samples, unlike the case of sheltered samples. Fig 12 also shows that results 511 
of sheltered elements exhibit greater variability than those for unsheltered elements. 512 
Unfortunately, there is limited or no information available in [73], which could be used to provide 513 
detailed explanation of the observations. However, it is postulated that these differences may be 514 
related to exposure of unsheltered elements to wet conditions, giving relatively higher long-term 515 
strengths than sheltered elements. Lower strengths have higher variability which in turn led to 516 
relatively wider scatter of carbonation results for sheltered elements. Presence of pozzolans within 517 
the concretes would tend to promote low strengths and also increase variability of carbonation 518 
measurements. But for real structures that have existed for several years, it is always difficult to 519 
acquire information such as cement types and mix designs used during construction.  520 
 521 
 522 
 523 
 524 
 525 
 526 
 527 
 528 
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 529 
 Fig. 12. Comparison of insitu carbonation in sheltered and unsheltered concrete structures (dc - 530 
carbonation depth, t – time) [53] 531 
 532 
Linear regression equations have been fitted for the sheltered /unsheltered exposures (Fig. 533 
 12), although it is clear that the high carbonation depths of unsheltered structures exhibit non-534 
linearity. The graph also indicates the presence of a duration bias within and between the data sets 535 
of sheltered /unsheltered exposures. As evident in the graph, carbonation depth increases with 536 
age. The relatively high carbonation depths are indicative of structural elements with low 537 
compressive strengths, perhaps in the range of  20 MPa. Slopes of the regression equations for 538 
sheltered (shl) and for unsheltered (unshl) exposures can be used as a rough guide, to relate 539 
carbonation behavior for the two cases. Calculations show the sheltering ratio (unshl/shl) to be = 540 
0.61. However, in the absence of strength results and other relevant details, it may not be reliable 541 
to consider this value as representative of carbonation in most typical structural concretes. 542 
An investigation by Yunusa [104], as earlier described, also involved exposure of concrete 543 
cube samples to outdoor sheltered /unsheltered exposure environments. Carbonation of samples 544 
was monitored for ages of up to 2 years, using the phenolphthalein indicator test. Strengths were 545 
measured following 3, 7, and 28 days of curing. 546 
Results indicate the unshl/shl ratio to be independent of curing duration as seen in Fig. 13a. 547 
Also, the ratio does not change over time under carbonation, as evident in Fig. 13b. The 548 
observation is supported by lack of bias as the curing duration or age increases. Such bias would 549 
normally be exhibited through data spread showing either convergence or fanning out. None of 550 
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these features are present in the data, implying that the average ratio remains nearly constant 551 
regardless of the curing duration or age under carbonation.  An average unshl/shl = 0.56 is 552 
calculated for all data, while the mode is 0.50. While studying carbonation of mortars, Leemann 553 
et al [74] reported carbonation under unsheltered exposure to be 1.5 times lower than under 554 
sheltered conditions i.e unshl/shl = 0.67 which is close to a 0.61 based on results of [73].   555 
Although the results given in Fig. 13 show no relation between curing duration or age with the 556 
sheltering ratio, there is a large spread within each curing duration or each age. Such results 557 
indicate a possible presence of another factor of influence on the sheltering ratio. Further analysis 558 
of results shows the sheltering ratio to be strength-dependent. Fig. 14 clearly gives a strong non-559 
linear relationship existing between unshl/shl ratio and strength. In the figure, data has been 560 
plotted and regressed for results based on 28-day curing, and for 3/7-day curing.  There appears 561 
to be a divide between the carbonation resistance of low/medium strength concretes of under 60 562 
MPa and that of high strength concretes > 60 MPa, the latter exhibiting a lower sheltering ratio 563 
than the former. Using data given in the figure, it can be seen that the coefficients of strength-564 
sheltering ratio relationship for 28-day cured concretes are quite different from those of the 3/7-565 
day cured mixes. Regression equations are shown in Fig. 14 for 28-day and 3/7-day cured samples. 566 
Based on these observations, it becomes evident that the length of curing impacts the sheltering 567 
ratio, partly through its influence on concrete strength. Considering the practical implications, 3/7 568 
day curing is more realistic to site practice, unlike the ideal 28-day laboratory curing which is not 569 
achievable under site curing. Therefore in this analysis, curve-fitting has been done with emphasis 570 
on the 3/7 curing data. This leads to the suggested equation (1) which seems to correctly 571 
approximate the general relationship between sheltering ratio and strength: 572 
es  fc 0.2,  ……………………………………………..(1) 573 
where es = sheltering (unshl/shl) ratio, fc = cube strength.  574   575 
This simple equation enables the sheltering ratio to be varied from about es = 0.56 for 20 MPa to 576 
about es = 0.4 for fc > 60 MPa. It is emphasized that the equation is based on the present data set 577 
and microclimate [104]. Further investigations are needed to establish its consistency under 578 
different climatic conditions. However,  there  is  a  good  agreement  between  the correction 579 
factors from the equation and suggestions given in the literature [58,89,108]. 580 
 581 
 582 
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 583 
   Fig. 13. Relations between curing, age and sheltering ratio 584 
 585 
 586 
 587 
   Fig. 14. Relationship between strength and sheltering ratio 588 
 589 
 590 
4.3 Effect of CO2 concentration 591 
The level of CO2 concentration is one of the important environmental parameters affecting 592 
carbonation rate. However, this subject has not been studied extensively, much less with regard 593 
to outdoor natural carbonation. CO2 levels vary geographically across cities and rural areas. 594 
Within cities themselves, the concentration levels can vary widely at different locations, as 595 
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influenced by vehicular traffic and industries or factories. In 2006,  fib 34 [43] gave 350 to 380 596 
ppm as the CO2 concentration levels at the earth’s atmosphere, with increase of 1.5 ppm per year 597 
and a standard deviation of 10 ppm. These levels have now risen to over 400 ppm, a threshold 598 
that has been exceeded in 2015 (www.climatecentral.org/), at a rate increase of about 2 ppm per 599 
year. A survey of typical CO2 concentration levels at some sites or geographical locations, is 600 
presented in Table 2. It appears that CO2 concentrations at key locations may be grouped as 601 
follows: 150 to 250 ppm at rural areas and sea coast, 300 to 400 ppm at general outdoor urban 602 
settings, 450 to 600 ppm at industrial sites, 1000 to 2000 ppm in tunnels. CO2 levels at the sea 603 
coast are relatively low, since some of the atmospheric CO2 is absorbed in the vast water body. 604 
Studies [35,36] have shown that carbonation increases with distance from the sea coast, extending 605 
inland. 606 
 607 
Table 2. CO2 concentrations at some common sites  
   
Source Location CO2 levels (ppm) 
[109] Open country 150
 City center 360
 Industrial zone 450
 Well-aired stable 460
 Stable 750
 Motor car exhaust 16690
 Human breath 3620
[75] City 625
 Rural 300
 seaside 224
[79] Indoors in laboratory 300
[4] Indoors in laboratory 450
[110] City 455 to 511
[111] Tunnel 979
[4] Tunnel 2000
[112] Trains 1553
[113] Trains, above ground 1267
 Trains, underground 1131
[114] Near coal fired power plant 450
 608 
Investigating the effect of different CO2 concentrations under natural exposure is made 609 
complicated by the absence of control over the natural levels of CO2 in any specific site. Often, 610 
sites of varied CO2 concentrations can be far removed from each other, making it difficult to co-611 
ordinate research. Consequently, most studies are based on correlating the accelerated carbonation 612 
tests conducted under high CO2 levels in the laboratory, with natural carbonation [4,72,79,84-86]. 613 
Although it is generally accepted that accelerated carbonation tests, may correlate reasonably well 614 
with natural carbonation, there are issues associated with the high CO2 concentrations typically 615 
used in the tests (see also Section 3.0). Ji et al [115] found that the thickness of partially-616 
carbonation zone is different in samples under accelerated and natural carbonation, the former 617 
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giving a relatively shorter zone.  fib 34 [43]  model  code  attributes  the  higher  carbonation 618 
resistance of concretes under natural carbonation, to higher penetration of the drying front, 619 
compared to the case under accelerated tests. The high CO2 concentrations used in laboratory tests 620 
produce smaller calcite crystals and lower pH of pore water than normally observed under natural 621 
carbonation [6]. Cui et al [21] suggests using concentrations lower than 20%CO2 in accelerated 622 
tests, as higher concentrations cause a mechanism different from that occurring under natural 623 
exposure. fib 34 [43] uses 2% CO2 concentration. Also, the use of phenolphthalein indicator test 624 
has been found to give lower carbonation depths compared to analytical techniques. Lo and Lee 625 
[97] found that the Fourier Transform Infra-Red (FTIR) method gives higher carbonation depths 626 
owing to its ability to measure the partially carbonated zone which is usually not detected by 627 
indicator test.    628 
An investigation was reported [4,116], on outdoor carbonation under CO2 concentration of 300 629 
ppm normal levels and at 2000 ppm CO2 in a tunnel. Results of the investigation reveal interesting 630 
findings, showing the influence of CO2 concentration to be strength-dependent. Relative to the 631 
normal 300 ppm CO2 level, higher concentrations increase carbonation only in concretes of 632 
strengths below about 50 MPa, as shown in Fig. 15a. Beyond this strength level, CO2 633 
concentration does not affect carbonation in any way different from the reference 300 ppm. 634 
Taking the CO2 level of 300 ppm as a reference, it is sought to determine correction factors that 635 
would account for higher /lower carbonation as a result of varied CO2 concentration levels. Using 636 
regressions and curve-fitting, power functions have been determined to account for CO2 637 
concentrations at 300 ppm and 2000 ppm. Assuming that parallel trends are exhibited by the 638 
intermediate CO2 levels, interpolation of the functions has been conducted to give corrections to 639 
carbonation at 200 ppm, 500 ppm and 1000 ppm. These correction factors are shown in Fig. 15b 640 
and expressed by the proposed equation (2): 641 
  ……………………………………. (2) 642 
Where ec is correction factor, fc is 28-day strength; ,r are given in Table 3 for various CO2 643 
concentrations 644 
 645 
 646 
 647 
 648 
 649 
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Table 3 Correction factors for natural carbonation under varied CO2 concentrations 650 
28-day strength Correction   CO2 concentration level  
 factor  200 ppm 300 ppm 500 ppm 1000 ppm 2000 ppm
20 < fc < 60 MPa ec = fcr  1.4 1.0 2.5 4.5 14 
  r -1/4 0 -1/4 -2/5 -2/3 
fc ≥ 60MPa ec = 1.0       
        
 651 
Using the equation and correction factors summarized in Table 3, the effects of different CO2 652 
concentrations on carbonation can be accounted for. But more research is needed to further 653 
examine the suggested correction factors. Accelerated carbonation study conducted by [81] using 654 
7%, 12% and 18% CO2 levels, 20 to 40oC and 65%RH,   found a strength-carbonation relationship 655 
similar to results in Fig 15. Although Loo et al’s [81] work did not seek to establish equations 656 
relating the parameters, they showed that the power functions converged at 50 MPa, also 657 
confirming the observations presented in Fig. 15 for natural carbonation.     658 
 659 
 660 
   Fig. 15. Effect of different CO2 concentration levels on carbonation [4,66]  
 661 
 662 
4.4 Relevance and applicability of the proposed methods  663 
Implementation of a minimum duration requirement for site curing is a well-established practice 664 
which is usually specified in concrete construction documentation. ACI 308-92 and CSA 23.1 665 
[117, 118] specify a minimum duration of 3 days for RHC or 7 days for OPC. BS 8110 [45] gives 666 
consideration to temperature along with curing durations of 3 or 4 days for OPC/RHC and SCM 667 
concretes respectively, provided temperatures are above 10oC [119]. The SANS 10100 [120] 668 
approves a minimum of 5-day curing duration. As a general rule which does not involve 669 
consideration of cement type [117,118] or strength development rate [120,121], a strength curing 670 
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duration of 7 days [122, 123] is considered sufficient for regular concrete types. These minimum 671 
curing durations are aimed at ensuring the attainment of at least 70% of the 28-day strength within 672 
this period [117,120]. In this paper, curing durations and methods were examined (in Section 4.1) 673 
based on carbonation response of concrete rather than strength effect. It is interesting to note that 674 
the determination from this work, which indicates a minimum of three days of curing as being 675 
sufficient to produce stable carbonation behaviour, indeed agrees with the strength curing 676 
requirements given in code guidelines for site practice.  677 
 Also, in the foregoing analyses and discussions provided in Sections 4.2 and 4.3, equations 678 
(1) and (2) have been developed, which express the carbonation-related effects of sheltering and 679 
CO2 concentration levels with respect to strength as the basic performance parameter of concrete. 680 
These equations can potentially be used as components of a strength-based empirical model for 681 
prediction of natural carbonation in real structures. When considering other types of empirical 682 
models such as permeability /diffusion-based models [52-56] these equations may not be suitable. 683 
Most experimental models that are available in the literature [57-59, 124-125] are used for 684 
research purposes. To the best knowledge of the author, there are presently no strength-based 685 
models that are generally accepted or recognised for use in natural carbonation prediction.  686 
 687 
5. Conclusions 688 
The foregone review is presented with the aim of examining the effects of curing methods, 689 
sheltered /unsheltered exposures, CO2 concentration, on natural carbonation. Also of interest are 690 
insights and suggestions that could be applied to carbonation prediction using empirical models. 691 
The following findings are reported: 692 
 693 
1.   Under natural exposure conditions, site curing of concrete is most important within the first 694 
three days. Further curing applied beyond this early stage improves carbonation resistance 695 
but with generally insignificant consequences on long-term behaviour. Different types of 696 
common curing methods do not give significantly different influences on long-term 697 
carbonation resistance. 698 
 699 
2.  Cement type and the compressive strength of concrete at the time of initial exposure to 700 
carbonation are crucial as these two embody the effects of curing. It is not necessary to 701 
account for the method or length of curing provided the cement type and initial strength are 702 
incorporated into prediction of carbonation behavior. 703 
 704 
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3.  The ratio of unsheltered to sheltered carbonation depth or rate, is strength dependent. For 705 
structural concretes, this ratio ranges from 0.3 to 0.8, with an average of 0.56 and mode of 706 
0.50. An equation relating the sheltering ratio and strength is proposed. 707 
 708 
4.  Influence of CO2 concentration on carbonation is also strength dependent. For high strength 709 
concretes of greater than 60 MPa, the level of CO2 concentration has little or no significant 710 
effect on carbonation behaviour. An equation has been proposed, giving correction factors to 711 
account for different CO2 concentrations in concretes. There is severe lack of research data 712 
on the effects of CO2 levels on natural carbonation; extensive and detailed investigations are 713 
needed. 714 
 715 
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